Single crystals of PbZrO 3 and LaAlO 3 have been studied by Dynamic Mechanical Analysis measurements in the low frequency range f = 0.02-50 Hz. The complex Young's modulus exhibits a quite rich behavior and depends strongly on the direction of the applied dynamic force. The low frequency elastic response in the [110] c -direction is dominated by domain wall motion, leading to a superelastic softening effect below T c . With decreasing temperature this superelastic softening gradually disappears, due to an increasing relaxation time τ DW of domain wall motion. For PbZrO 3 , τ DW seems to diverge at a finite temperature T VF , indicating glassy behavior of domain freezing.
Introduction
Domain walls (DW's) can have a strong influence on the dielectric and elastic properties of materials. The contribution from the motion of domain walls leads to an increased macroscopic response as compared to single domain response and significant anelastic behavior. In ferroelastics the domain wall motion subject to external stress leads to so called "superelastic softening" 1, 2 . Superelastic softening has been observed in many ferroelastic materials, e.g. in SrTiO 3 3 , LaAlO 3 4,5 , PbZrO 3 6 , Ca 1-x Sr x TiO 3 7 , KMnF 3 8,9 etc. At finite measurement frequencies, the domain wall response can change drastically 10, 11 . In some cases, a freezing of the domain wall motion occurs at lower temperatures T f where the domain walls can no longer follow the dynamically applied external force. As a result, the susceptibility falls down to a value corresponding to the domain-averaged limit. Prominent examples in which such a behavior was found in dielectric measurements are e.g. KDP 12 (KH 2 PO 4 ) and TGS 13 ((NH 2 CH 2 COOH) 3 ·H 2 SO 4 ). In SrTiO 3 the domain wall contribution to the elastic susceptibility is largely exceeding the intrinsic (due to coupling between the order parameter and strain) elastic anomaly 3 . No domain wall freezing occurs down to the lowest measured T = 6 K in SrTiO 3 , whereas in most of the other studied ferroelastic materials domain wall freezing was observed at T f < T c .
A similarity of domain wall dynamics and glass behavior was already noticed some time ago in the ferroelectrics KDP and TGS 14 . The authors proposed that pinning of randomly distributed defects to domain walls is responsible for the domain freezing process. To explain the measured diverging relaxation time the authors assumed that the pinning becomes increasingly collective at low temperatures. In other words, the collective pinning energy E CP → ∞ for T → T f , thereby restricting the motion of DW's and leading to a Vogel-Fulcher (VF) type divergence of DW relaxation times.
In a recent paper, Kumar et al. 15 reported an electric field-induced transition between locally pinned (rather strong glass-former) and clustered (super-fragile glass-former) phases of domain-wall-matter in KDP. Ren et al. 16, 17 reported "strain glass" behavior in TiNi-based alloys. The authors found a crossover from a normal martensitic transition to a strain glass behavior due to point defect doping in the Ti 50-x Ni 50+x system around x c ~ 1.1 where x is the concentration of point defects (excess Ni). Ren concluded that strain glass is the glass form of a ferroelastic/martensitic system due to point defect doping. He mentioned the striking similarity between strain glass and ferroelectric relaxor and cluster spin glass that leads to the concept of ferroic glass.
Very recently, Salje et al. 18, 19 proposed the existence of glasses in ferroelastic systems, appearing without the need for any defects, which led him to the concept of "domain glass". The basic idea 20 is that the domain boundaries can generate the defects intrinsically and, at a certain density of domain walls, jamming leads to a Vogel-Fulcher type slowing down of the dynamics around T VF . The authors predicted the existence of two distinct regimes of DW movement: a low temperature athermal regime and a high temperature thermally activated regime. At higher temperatures, thermal activation leads to a Vogel-Fulcher distribution of avalanches. The slowing down of DW dynamics with decreasing temperature is reminiscent of glassy behavior. Below the VF temperature the DW's show jerky, athermal movements. Such intermittent response of a system to slowly changing external fields was also found in the context of ferromagnetic domain walls [21] [22] [23] . The opportunity to study the physics of glasses in domain wall systems has lead to the present study of the movement of domain walls in PbZrO 3 and LaAlO 3 .
Experimental
The low frequency elastic measurements were performed with a Dynamic Mechanical Analyser (Diamond DMA, Perkin Elmer). We used "parallel plate geometry" (PP) where the sample is placed between two parallel plates and subject to a static force F stat , with an additional smaller dynamic force F dyn whose frequency can be varied between f=0.01-100 Hz. The DMA registers the amplitude u and phase shift δ between applied force and amplitude via a linear variable differential transformer (LVDT), which is used to calculate the real and imaginary part of the samples Young's modulus Y * = Y'+iY''
where h denotes the sample thickness, A its area and refers to the direction of the applied force, with respect to the crystal axes.
For samples we chose LaAlO 3 and PbZrO 3 , both perovskite single crystals. LaAlO 3 exhibits a phase transition at T c = 823 K changing its crystal structure from cubic Pm3m to rhombohedral R3c
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. In PbZrO 3 the phase transition takes place at T c ~ 509 K and results in a change from a paraelectric phase with cubic symmetry to an orthorhombic antiferroelectric Pbam phase 6 . A typical domain structure of PbZrO 3 at room temperature is shown in Fig.1 .
Results
Temperature and frequency dependent DMA measurements of PbZrO 3 single crystals with forces applied in two different directions are presented in the following figures. Fig. 2 shows real and imaginary parts of the Young's modulus measured along one of the main cubic crystallographic axes. In the [100] c direction the force is perpendicular to the domain wall orientations and, as a result, the elastic anomaly resembles the intrinsic behavior. A pronounced softening of the elastic constant is already detected in the cubic phase, followed by a dip in Y' and a peak in Y'' at T c . Both anomalies decrease with increasing frequency. This decrease of both anomalies with increasing frequency implies that ωτ > 1, leading to τ ~1 s.
A quite different pattern is found (Fig.3 ) when the applied force is rotated by 45° to measure Y [110] c . Instead of the narrow dip in Y' of Fig. 2 , a large softening is now detected in this direction which is accompanied by a broad peak in Y'' below T c . With increasing frequency, the peak maximum of the broad peak shifts to higher temperatures.
It is evident that the low frequency elastic behavior in this direction is dominated by domain wall motion that results in the additional softening 3 . At sufficiently low frequencies the domain walls can follow the externally applied stress as long as the characteristic relaxation time τ DW for DW movement is small enough, leading to superelastic softening. With decreasing temperature, τ DW increases and the DW's can no longer follow the applied stress, implying that the elastic response returns to the domain averaged value.
To analyze the underlying dynamics in more detail, we have fitted the data of Y'' in the crossover region where ωτ DW (T) < 1 → ωτ DW (T) > 1 using a Cole-Cole relaxation, i.e.
( 2) where Y ∞ denotes the elastic compliance in the high frequency limit where τ DW >> 1 and ΔY DW = Y 0 -Y ∞ refers to the DW-induced softening. The exponent 1-α leads to a broadening (if α > 0) of the Debye relaxation, which is obtained in the limit α = 0. The Cole-Cole relaxation function fits the data quite well (Fig. 4) , yielding α = 0.8 for PbZrO 3 and α = 0.6 for LaAlO 3 .
From the fits at various frequencies, we extracted the temperature dependencies of the relaxation times shown in Fig. 5 .
The temperature dependence of DW relaxation time in PbZrO 3 can be well fitted with a Vogel-Fulcher law τ DW = τ 0 e Ea/kb(T-TVF) yielding an activation energy E a = 0.23 ± 0.01 eV, τ 0 =1.2 ·10 -7 s and T VF = 120 K. Although VF-behavior fits the data well, the low activation energy is difficult to rationalize. Thus we tried to fit the data with Arrhenius law, yielding E a = 0.58 ± 0.02 eV, τ 0 =5.1 ·10 -11 s. For LaAlO 3 a clear Arrhenius behavior is observed with an activation energy E a = 1.02 eV which is close to the values usually , where Y' para is the saturation value of the Young's modulus in the cubic phase. A more detailed description of the DMA method and its application for the study of phase transitions is given in Refs. 24 and 25 . found in perovskites and explained by pinning of DW's to oxygen defects 4 . For comparison, the activation energies in other perovskites have been determined to be E a = 0.309 ± 0.004 eV in BaCeO 3 26 and E a = 0.59 ± 0.09 eV in BiFeO 3
27
. To gain further insight into the domain wall motion processes, we investigated the sample's response at increasing static stress with very low compression rates (3-15 mN/ min). The propagation of elastic walls in an external stress field shares some similarities with the behavior of magnetic walls subject to an external magnetic field. The result of such measurements is shown in Fig. 6 , depicting the discontinuous evolutions of the sample height. It can be seen that at low temperatures the height evolution follows a stretched-exponential relaxation envelope that is punctuated by jerks of varying amplitudes. These height drops are manifestations of pinning/depinning events of domain walls to defects or due to mutual jamming of the walls. Upon increasing the temperature, the height evolution changes considerably, which is also reflected in the squared drop velocity peaks (shown in Fig. 7 ) calculated from the height drops as v 2 = (dh/dt) 2 . At low temperatures, the squared drop velocity peaks vary over several orders of magnitude but their number increases gradually upon increasing temperature. This effect is due to thermal fluctuations which ease the motion of the domain walls, leading to a decrease of the DW relaxation time. To quantify this behavior in more detail, we have calculated the distributions of squared drop velocity maxima N(v m 2 ) from the height drops by binning the peak data logarithmically and plotting a histogram. Fig. 8 shows a log-log plot of the distributions of squared drop velocity maxima of the peak data of PbZrO 3 at different temperatures. In the low T region the curves are fitted according to a power law N(v 
Discussion
In single crystals of PbZrO 3 results show that, below T c , there is a distinct dependence of the elastic response on the orientation of the applied stress. No domain wall motion is observed if dynamic forces are applied parallel or perpendicular to the domain walls. In directions 45° with respect to domain walls, we have detected an additional contribution to the elastic behavior which is due to domain wall motion. This additional softening disappears gradually with decreasing temperature due to domain wall freezing at T f . The domain wall dynamics are seen in the imaginary part of the complex Young's modulus as a broad peak around the domain freezing temperature T f . From a detailed analysis of this peak and its shift with frequency we have determined the domain wall relaxation time τ DW . Although a Vogel-Fulcher temperature dependence fits the data well, there are several points that should be considered. The obtained activation energy E a ~ 0.23 eV cannot be rationalized straightforwardly. In addition, the Cole-Cole relaxation function, which yields an exponent of α = 0.8, implies a distribution of relaxation times. As shown by Tagantsev 29 a gradual broadening of the relaxation time distribution with decreasing temperature could be mistaken for a VF type freezing of the system. From the present data we cannot exclude the possibility that such an effect of overlapping Debye peaks with different T-dependencies could mimic a VF-dependence of τ DW in PbZrO 3 . We also tried to fit the temperature dependence of τ DW with an Arrhenius law, yielding an energy barrier of E a ~ 0.58 eV. This is slightly lower than the value usually found in perovskites for pinning of DW's to oxygen defects 30, 31 . However, as clearly seen in Fig. 5 the Arrhenius law fits the data less well, in comparison with the Vogel-Fulcher law, thus indicating a divergence of the domain wall relaxation time at T VF ≈ 120 K.
In glass-forming liquids
32
, it is well understood that the diverging relaxation time at finite temperature (T VF ) is due to the presence of dynamically correlated regions whose size ξ increases, reaching infinity at T VF . It is a challenge to look for such dynamical correlations in systems with domain freezing. The present study shows that PbZrO 3 could be a good candidate for this purpose.
A clear Arrhenius behavior with energy barrier E a ~ 1.02eV is observed in LaAlO 3 and it is settled that a pinning of domain walls to defects (e.g. oxygen vacancies) is the main reason for the increasing domain wall relaxation time with decreasing temperature. These pinning effects are also clearly observed as strain drops of samples measured under slowly increasing external stress. The value of the exponent obtained from fitting the squared drop velocity distributions corresponds well with the value found by Harrison et al. 33 who obtained ε = 1.8 ± 0.2 for the jerky propagation of a single ferroelastic needle domain in LaAlO 3 under weak external stress at the critical depinning threshold of domain walls. These authors observed discrete jumps of the needle tip of varying amplitude due to pinning/depinning of wall segments to defects and described the movement of a needle domain as a superposition of a smooth front propagation and a stop-and-go propagation of the needle tip. The present results support the view of domain wall motion in a multidomain system as having similar characteristics to a single domain wall.
A very similar jerky propagation of domain walls under slowly increasing external stress was also observed in PbZrO 3 . The crossover which is observed in the squared drop velocity peaks with increasing temperature, Fig. 6 , is also reflected in the squared drop velocity distributions, Fig. 8 . In PbZrO 3 a power law behavior of N(v m 2 ) is found up to 373 K but, with increasing temperature, the behavior approaches an exponential distribution of N(v m 2 ). This crossover, which is in agreement with recent computer simulations of a ferroelastic switching process at different temperatures (compare e.g. with Fig. 2 of Ref. 28 ), is most probably due to thermal fluctuations at high temperatures that ease the motion of domain wall segments of various length l i with a rate of τ(l i )
. On average, thermal fluctuations push the interface in the direction of the driving force and the average interface velocity is greater than zero even when the applied force F is smaller than the critical depinning force F < F c . Indeed, Harrison et al. 4 have shown that the maximum applied force required to unpin DW's in LaAlO 3 decreases drastically with increasing temperature from 800 mN at 370 K to 200 mN at 670 K.
Conclusions
In summary, the present work corroborates the physical picture that domain wall motion in ferroelastic materials involves various processes depending on temperature, time and spatial scale. By measuring real and imaginary parts of the dynamic Young´s modulus as a function of temperature and frequency, the domain wall relaxation time τ DW was determined. There are cases where τ DW follows Arrhenius behavior (LaAlO 3 ) and where τ DW follows Vogel-Fulcher behaviour (KDP, TGS, PbZrO 3 ). Probably systems closest to our investigated ferroelastic perovskites are ferroelasticmartensitic materials. In Ti 50-x Ni 50+x strain glass behaviour has been reported for x > 1 34 . The imaginary part of Young´s modulus shows (for x > 1) a characteristic shift with frequency which can be fitted by assuming a VogelFulcher dependence of the underlying relaxation time. In addition, the authors observed in HREM the appearance of uncorrelated nanodomains of ca. 1-5 nm size, which grow with decreasing temperature and get frozen at about 20-25 nm below T g . Ren et al. 35 explained the observed strain glass behavior as a defect induced suppression of long range order, leading to the appearance of dynamic nanodomains whose dynamics freeze at T g . Recently it was argued 18 that in the case of ferroelastic materials domain boundary patterns can evolve glasslike states while the underlying matrix remains fully crystalline, without any defect induced disorder. Up to now, this concept of "Domain glass" is based on computer simulation results and although it is rather appealing, it seems not clear to us that any physical realization of a domain glass has yet been found experimentally for a real ferroelastic domain wall system. It is now clear that deviations from an Arrhenius behaviour of domain wall dynamics have been detected for some ferroelastic systems, but the reasons for such deviations can be quite diverse. A Vogel-Fulcher dependence of the domain wall relaxation time is just one possibility, a temperature dependence of the distribution of relaxation times another. In our opinion, further experiments are required before a definite conclusion about the existence of domain glasses can be drawn.
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